UNCLASSIFIED 


AD  NUMBER 


AD893919 


NEW  LIMITATION  CHANGE 
TO 

Approved  for  public  release,  distribution 
unlimited 


FROM 

Distribution  authorized  to  U.S.  Gov't, 
agencies  only;  Test  and  Evaluation;  DEC 
1971.  Other  requests  shall  be  referred  to 
Air  Force  Materials  Lab.,  Wright -Patterson 
AFB,  OH. 


AUTHORITY 


AFML  ltr,  18  Jan  1974 


THIS  PAGE  IS  UNCLASSIFIED 


ad  89  39 19  4 


i'  i 

x'  f. 


•>sr 


iV 


r'f  ks  ' 

•;>  \ 


I 


\ 


AFML-TR-7M97 


•;T-  VV-  * 


MATERIALS  PARAMETERS  THAT  GOVERN  THE  RAIN 
EROSION  BEHAVIOR  OF  POLYMERIC  COATINGS 
AND  COMPOSITES  AT  SUBSONIC  VELOCITIES 


V 


>- 

CL. 

o 

o 

ui 


t* 

<r 

G£S 


GEORGE  F.  SCHMITT,  JR. 


TECHNICAL  REPORT  AFML-TR-71-197 


DECEMBER  1971 


D  D  C 

npapnnoE 

MAY  5  1972 


EWE 

B 


Distribution  limited  to  U.S.  Government  agencies  only;  (test  and  evaluation).  Sep¬ 
tember  1971.  Other  requests  for  this  document  must  be  referred  to  Air  Force  Ma¬ 
terials  Laboratory,  Nonmetallic  Materials  Division,  Elastomers  and  Coatings  Branch, 
AFML/LNE,  Wright-Patterson  AFB,  Ohio  45433. 


AIR  FORCE  MATERIALS  LABORATORY 
AIR  FORCE  SYSTEMS  COMMAND 
WRIGHT-PATTERSON  AIR  FORCE  BASE,  OHIO 


NOTICE 


When  Government  drawings,  specifications,  or  other  data  are  used  for  any  purpose 
other  than  in  connection  with  a  definitely  related  Government  procurement  operation, 
the  United  States  Government  thereby  incurs  no  responsibility  nor  any  obligation 
whatsoever;  and  the  fact  that  the  government  may  have  formulated,  furnished,  or  Jn 
any  way  supplied  the  said  drawings,  specifications,  or  other  data,  is  not  to  be  regarded 
by  implication  or  otherwise  as  in  any  manner  licensing  the  holder  or  any  other  person 
or  corporation,  or  conveying  any  rights  or  permission  to  manufacture,  use,  or  sell  any 
patented  Invention  that  may  in  any  way  be  related  thereto. 


'CU'SSIOH  Ur 


WHITE  SECTION  □ 
BUFF  SECTION 

UNAHNOUHCED  □ 

JUSTIFICATION  . 


[CFSTI 

ooc 


HV  _ 

OlSTBIBimOH/aVAlUBlUTY  COOES 

-OISiriMIL  mV*  st‘EWM-! 


Copies  of  this  report  should  not  be  returned  unless  return  is  required  by  security 
considerations,  contractual  obligations,  or  notice  on  a  specific  document. 


AIR  FORCE!  25-2-72/350 


AFML-TR-71-197 


MATERIALS  PARAMETERS  THAT  GOVERN  THE  RAIN 
EROSION  BEHAVIOR  OF  POLYMERIC  COATINGS 
AND  COMPOSITES  AT  SUBSONIC  VELOCITIES 


GEORGE  F.  SCHMITT,  JR. 


Distribution  limited  to  U.S.  Government  agencies  only;  (test  and  evaluation).  Sep¬ 
tember  1971.  Other  requests  for  this  document  must  be  referred  to  Air  Force  Ma¬ 
terials  Laboratory,  Nonmetallic  Materials  Division,  Elastomers  and  Coatings  Branch, 
AFML/LNE,  Wright-Pattei.o*.  AFB,  Ohio  45433. 


AFML-TR-71-197 


FOREWORD 


TIas  report  was  prepared  by  the  Elastomers  and  Coatings  Branch, 
Nonmetallic  Materials  Division,  Air  Force  Materials  Laboratory,  and  was 
initiated  under  Project  No.  7340,  "Nonmetallic  and  Composite  Materials," 
Task  No.  734007,  "Coatings  for  Energy  Utilization,  Control  and  Protective 
Functions"  with  George  F.  Schmitt,  Jr.  Acting  as  project  engineer. 

This  report  covers  work  performed  from  August  1968  to  October  1970 
and  was  released  for  publication  in  March  1971. 

The  author  gratefully  acknowledges  the  assistance  of  Messrs.  C.  J. 
Hurley,  R.  L.  Vissoc,  G.  A.  Clinehens,  and  T.  Courney  in  the  operation 
of  the  apparatus  and  the  weight  loss  measurements. 

This  technical  report  has  been  reviewed  and  is  approved. 


WARREN  P.  J^ffijSON,  Chief 
Elastomers  and  Coatings  Branch 
Nonmetallic  Materials  Division 


ABSTRACT 


Subsonic  investigations  of  polymeric  coatings,  bulk  polymers,  and 
fiber  reinforced  polymeric  composites  are  described  for  their  erosion 
behavior  and  the  influence  of  materials  variables  on  their  erosion 
response. 

Polymeric  coatings  such  as  epoxies,  polyesters,  and  amide-imides 
are  brittle  relative  to  the  impinging  water  droplets  with  rupture  of  the 
film  occurring  very  rapidly.  The  most  resistant  coatings  such  as  elasto¬ 
meric  polyurethanes  typically  show  no  surface  erosion  at  all  but  fail 
at  isolated  points  associated  with  a  breakdown  of  the  composite  (i.e., 
glass-epoxy)  underneath  the  coating.  Other  elastomeric  coatings  such  as 
neoprene  will  gradually  erode  on  the  surface  by  structural  failure  or 
tearing  within  the  film;  erosion  of  the  composite  then  follows.  The 
elastomeric  coatings  protect  the  surface  by  pulse  attenuation  of  the 
impact  load  and  by  protecting  the  composite  from  the  radial  outflow  of 
the  impinging  drop.  The  modulus  of  these  coatings  is  related  to  their 
performance  in  a  rain  environment  since  it  governs  the  stress  level 
which  is  transmitted  to  the  substrate. 

The  void  content  and  type  of  reinforcement  are  shown  to  significantly 
influence  the  behavior  of  fiber  reinforced  composite  structures  in  a 
subsonic  rain  erosion  environment  whether  uncoated  or  coated.  The 
effects  of  various  fiber  lay-up  schemes  with  a  particular  fiber 
reinforcement  have  been  found  to  be  minor  compared  to  void  content 
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ABSTRACT  (CONT'D) 

The  addition  of  reinforcement  to  thermoplastic  resin  matrices 
increases  the  erosion  rates  of  these  materials  by  breakage  of  fibers 
and  resulting  loss  of  material.  In  thermosetting  resins,  the  addition 
of  reinforcement  reduces  the  erosion  rate  of  a  bulk  material  by  limiting 
the  chunking  and  breakout  of  large  pieces. 
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SECTION  I 
INTRODUCTION 


Operation  of  aircraft  in  rainy  environments  has  resulted  in  rain 
erosion  on  various  components  of  these  systems.  Rain  erosion  has  been 
a  particular  problem  on  radomes  and  other  exterior  plastic  parts  of 
aircraft  because  these  components  are  nonmetallic  (to  be  compatible  with 
the  radar),  made  of  fiber-reinforced  constructions  (prone  to  erosion 
damage),  and  are  typically  located  on  the  aircraft  in  positions  which 
are  subject  to  rain  exposure.  These  problems  have  been  primarily  sub¬ 
sonic  in  nature  because  current  aircraft  do  not  operate  supersonically, 
if  at  all  possible,  in  actual  rain. 

Erosion  protection  of  dielectric  composites  such  as  glass-reinforced 
plastics  must  be  transparent  for  the  purpose  of  radar  transmission  and 
hence,  nonmetallic  coatings,  particularly  elastomerics,  have  been 
used  for  this  purpose.  For  stuctural  composites  such  as  graphite  or 
boron  fiber-reinforced  constructions  the  radar  transmission  constraint 
does  not  apply;  therefore,  metallic  coatings  including  the  electroplated 
nickel  have  been  used  to  provide  excellent  protection  for  these  areas. 

In  a  continuing  research  effort  to  explore  candidate  coatings 
materials  and  substrate  construction,  the  Elastomers  and  Coatings 
Branch,  Nonmetallic  Materials  Division  of  the  Air  Force  Materials 
Laboratory  has  previously  investigated  a  variety  of  advanced  and 
currently  available  materials  in  a  rotating  arm  apparatus  (Reference  1) . 
In  these  investigations  an  advanced  rain  erosion  research  apparatus  has 
been  used  and  this  report  describes  some  of  the  results  found  to  date. 
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This  report  attempts  to  identify  the  important  materials  parameters 
which  control  the  erosion  behavior  of  polymeric  coatings  and  composites 
rather  than  providing  just  an  evaluation  or  a  relative  ranking  of  the 
various  materials. 
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SECTION  II 

APPARATUS  DESCRIPTION 


Subsonic  and  low  supersonic  rain  erosion  investigations  are  conducted 
by  the  Air  Force  Materials  Laboratory  on  a  rotating  arm  apparatus  (See 
Figure  1) .  This  equipment  includes  an  8-foot  diameter  propeller  blade 
made  of  4340  steel  mounted  horizontally  and  powered  by  a  400-horsepower 
electric  motor.  It  is  capable  of  attaining  variable  speeds  up  to  900  mph 
at  the  blade  tip  where  the  specimens  are  inserted.  A  detailed  description 
may  be  found  in  Reference  2. 

The  speed  of  the  equipment  is  regulated  by  a  thyristor  power  supply 
from  which  rigid  control  is  possible.  A  revolution  counter  is  utilized 
for  monitoring  velocity;  vibration  pickups  are  used  for  gauging  specimen 
balance  and  smoothness  of  operation.  The  rotating  specimens  are  observed 
using  a  closed  circuit  television  camera  and  a  stroboscopic  unit  syn¬ 
chronized  with  the  blade  revolution.  This  system  enables  the  observer 
to  note  the  exact  moment  of  coating  failure  which  is  penetration  to  the 
substrate  or  the  loss  of  adhesion. 

Mounted  above  the  blade  is  the  water  system  used  to  simulate  the 
rain  environment.  The  8-foot  diameter,  1  inch  aluminum  pipe  ring  is 
equipped  with  96  equally  spaced  hypodermic  needles  to  yield  a  rainfall 
simulation  of  1  inch  per  hour.  The  hypodermic  needles  are  No.  27  gauge 
which  produces  rain  droplets  of  1.5  to  2.0  mm  diameter  as  determined 
photographically.  The  water  system  operated  with  low  pressure  in  the 
spray  ring  enables  a  stream  of  undistorted  water  drops  to  impinge  on 
the  material  specimens. 


3 


WATER  SUPPLY 


3 


AFML-TR- 71-197 


4 


POWER  PANEL 
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The  specimen  configurations  are  airfoil  specimens  of  aluminum  or 
various  laminated  materials  with  and  without  coatings  (See  Figure  2). 

These  conformal  specimens  are  employed  extensively  because  they  are 
easy  to  coat  and  their  low  drag  and  light  weight  allow  the  apparatus  to 
be  operated  efficiently. 

This  rotating  arm  apparatus  represented  the  first  operational  super¬ 
sonic  capability  in  the  United  States  when  it  became  operational  in 
August  1968. 

Various  materials  were  evaluated  under  actual  flight  conditions  in 
rain  utilizing  an  F-100  F  aircraft.  These  tests  verified  that  the  rankings 
and  modes  of  failure  obtained  on  the  rotating  arm  are  borne  out  in 
actual  flight  experience  (References  2  and  3) . 
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.  0025  AIRFOIL  -  4  INCH  CHORD 
DISTANCE  FROM  LEADING  EDGE 


%  CHORD 


.00 
1.25 
2.  50 
5.00 
7.  50 
10.00 
15.00 
20.  00 
25.00 
30.00 


ORDINATE 

(Y) 

.00 
.05 
.  10 
.  20 
.  30 
.40 
.60 
.  80 
1.00 
1.20 


ABSCISSA 

(X) 

.000 
.  112 
.  172 
.  250 
.  304 
.  344 
.400 
.432 
.439 
.454 


OUTER  DIMENSIONS  OF  0.093  INCH  SPECIMEN 
MATERIAL  -  GLASS  EPOXY  LAMINATE 


Figure  2.  Airfoil  Type  Used  On  Mach  1.2  Rain  Erosion  Test 
Apparatus,  Wright-Patterson  AFB,  Ohio 
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SECTION  III 

EROSION  BEHAVIOR  OF  POLYMERIC  COATINGS 


A  wide  variety  of  polymeric  coatings  have  been  investigated  at  500 
and  600  mph.  A  summary  of  these  investigations  on  the  rotating  arm  is 
shown  in  Table  I  and  all  of  the  data  are  listed  in  Appendix  II.  The 
times  to  failure  are  those  times  in  the  simulated  environment  at 
velocity  required  for  penetration  of  the  coating  to  the  substrate  or 
the  loss  of  adhesion.  Times  for  failure  of  the  elastomeric  coatings 
were  approximately  two  thirds  as  long  at  600  mph  as  those  at  500  mph  for 
thicknesses  up  to  40  mils,  regardless  of  elastomer  type  or  whether  it 
was  a  sprayed  coating  or  premolded,  adhesively  bonded  boot.  This 
reduction  in  time  to  failure  is  the  result  of  greater  impact  pressures 
associated  with  the  increased  velocity  damaging  the  coatings  and  the 
increased  frequency  of  impingement  with  droplets  since  the  simulated 
rain  environment  remained  the  same.  Which  of  the  two  effects  is  most 
important  at  subsonic  velocities  is  uncertain  because  the  two  effects 
are  coupled  in  the  rotating  arm.  However,  the  frequency  of  impact  is 
probably  more  important  since  elastomeric  materials  are  sensitive  to 
multiple  impingement  effects  but  their  ability  to  recover  or  partially 
recover  between  impacts  gives  them  their  superior  erosion  resistance 
compared  to  other  polymeric  (rigid)  coatings. 

The  penetration  phenomena  by  which  coatings  fail  in  a  subsonic  rain 
environment  vary  for  different  types  of  coatings.  Epoxy,  acrylic, 
silicone  or  polyester  coatings  possess  essentially  no  erosion  resistance 
and  fail  by  brittle  rupture  of  the  coating  (See  Figure  3).  Neoprene 
coatings  gradually  wear  away  with  a  true  erosion  phenomenon  on  the 
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surface  or  fail  by  a  tearing  of  the  film  after  adhesion  loss  with  sub¬ 
sequent  penetration.  Polyurethanes  do  not  erode  on  the  surface  but 
suffer  point  failures  at  weak  spots  in  the  substrate  under  the  coating 
or  at  defects  in  the  coating  itself  (See  Figure  4) .  This  has  been  noted 
for  coated  glass-epoxy  laminates  where  under  long  exposure  times  (up 
to  180  minutes),  the  failure  is  the  result  of  eventual  breakdown  of  the 
laminate  by  repeated  water  droplet  impacts.  These  conditions  are 
compounded  on  advanced  composities  —particularly  graphite-fiber 
reinforced  —  because  of  powdering  of  the  substrate  which  occurs.  A 
comparison  of  the  polyurethane  and  neoprene  coatings  on  glass-epoxy 
composite  substrates  is  shown  in  Figure  5. 

The  behavior  of  elastomeric-coated  composite  structures  has  been 
analyzed  by  Morris  (Reference  4).  Common  elastomeric  coatings  such  as 
polyurethane  and  neoprene  have  a  shock  impedance  lying  for  all  loads 
between  that  of  water  and  that  of  the  substrate  protected.  Let  a  water 
droplet  impact  such  a  presumed  thin  coating.  Equations  for  the  pressure 
generated  in  the  materials  can  be  obtained  from  momentum  and  Hugoniot 
relations  and  solved  graphically  for  the  normal  stress  (  <Tj)  and 
particle  velocity  (u^  behind  the  compressive  wave  initially  propagated 
into  the  elastomer  when  the  pressure  pulse  strikes  the  substrate. 

Shocks  will  be  transmitted  into  the  substrate  and  reflected  into  the 


coating. 


Inch/Hour  Rainfall 
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Since  the  normal  stress  (  a )  and  the  normal  particle  velocity  (u^) 
must  be  the  same  on  either  side  of  the  coating-substrate  interface,  the 
equations  of  momentum  discontinuity  may  be  written  as  follows: 


°"f  =  ?s  %  (for  p^ock  in  the  substrate) 

where  P  and  C  are  density  and  shock  propagation  speed  in  the  substrate, 
s  s 

and 

(°f  -  a) )  =  (uf  "  uj)  (for  shock  in  the  coating) 


where  cr  and  u.  are  the  normal  stress  and  the  particle  velocity 
i  i 

initially  and  p  and  G  are  the  density  and  shock  propagation  speed  in 
the  coating.  These  equations  may  be  solved  for  cr^  and  u^. 

The  course  of  water  droplet  impact  on  a  urethane-coated  substrate 
is  shown  in  Figures  6(a)  and  (b) .  The  initial  stress  pulse  delivered 
to  the  elastomer  is  low  and  propagates  toward  the  coating-substrate 
interface.  When  it  strikes  this  interface,  an  intensified  pulse  is 
reflected  back  from  the  surface  and  is  also  transmitted  into  the  sub¬ 
strate.  The  initial  pulse  is  of  the  order  of  33,700  psi  for  water 
impact  at  500  mph  with  approximately  61,000  psi  transmitted  into  the 
substrate.  These  values  for  loads  are  based  upon  the  assumption  that 
(1)  the  coating  is  so  thin  that  the  uniaxial  deformation  wave  established 
on  initial  contact  is  not  attenuated  before  striking  the  interface  (2) 
the  build-up  of  applied  load  during  impact  of  the  droplet  may  be 
ignored  and  (3)  the  finite  strength  of  the  elastomer  may  be  ignored. 


A  similar  analysis  has  been  performed  for  a  hard  coating  i.  e., 
nickel,  on  a  lower  modulus  substrate.  The  initial  stress  pulse  in  this 
case  is  quite  high  because  of  the  high  modulus  of  the  coating.  This 
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Elastomer 


a.  Stress  Distribution  before  the  Stress  Pulse  Reaches  the  Solid  Surface 

(Arrows  Indicate  Propagation  Direction) 


b.  Stress  Distribution  Shortly  after  the  Stress  Wave  Impinges  on 
the  Solid-Elastomer  Interface 


Figure  6.  Water  Impact  on  a  Solid  Coated  with  a  Thin 

Elastomeric  Layer:  Stress  Distribution  Along  the  Line 
of  Contact  (Arbitrary  Units) 
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modulus  is  greater  than  that  of  the  substrate  which  it  is  protecting. 

When  the  pulse  strikes  the  interface,,  it  is  relieved  and  a  low  level 
pulse  is  reflected  back  into  the  coating  as  well  as  being  transmitted 
into  the  substrate.  The  course  of  the  water  droplet  impact  for  this 
case  is  shown  in  Figures  7(a)  and  (b).  The  initial  load  delivered  to 
the  higher  modulus  nickel  approximates  60,400  pci  while  that  transmitted 
to  the  substrate  is  34,800  psi. 

A  hard  metal  such  as  nickel  or  ceramic  coating  thus  offers  com¬ 
prehensive  protection  by  shielding  the  substrate  from  the  impact  load 
and  the  radially  flowing  droplet  (See  Figure  8).  If  an  adhesive  layer 
of  low  acoustic  impedance  is  underneath  the  coating,  the  adhesive  is 
also  protected. 

The  values  here  are  based  upon  aluminum  substrates  but  similar 
values  would  apply  to  composites  also  and  are  verified  by  the  experi¬ 
mental  results. 

The  above  analysis  describes  the  phenomena  observed  with  urethane- 
and  nickel-coated  composites  of  glass,  graphite  and  boron-fiber 
reinforcement.  The  urethane  coatings  transmit  a  large  pressure  pulse  to 
the  substrates  resulting  in  failure  of  the  composite  beneath  the  coating. 
For  a  glass-reinforced,  epoxy  resin  composite,  the  long  exposures 
under  the  repeated  droplet  impacts  are  transmitted  through  the  urethanes 
causing  delamination  of  subsurface  plies  in  the  laminate.  Because 
graphite  fibers  are  prone  to  powdering  (due  to  low  transverse  strength), 
they  fail  and  form  pockets  of  powdered  fibers  under  the  coating.  In 


14 


AFML-TR- 71-197 


a.  Stress  Distribution  before  Stress  Reaches  the  Coating-Solid  Interface 
(Arrows  Indicate  Propagation  Direction) 


t 

1 

Water 

Hard 

Coat 

Solid 

Stress 

c 

4 - 

■4- - 

_ 1 

1 

L 

1 

- ► 

\ _ 

b.  Stress  Distribution  Shortly  after  the  Stress  Wave  Impinges  on  the 

Coating-Solid  Interface 


Figure  7.  Water  Impact  on  a  Solid  Coated  with  a  Thin,  Hard 
Coating:  Stress  Distribution  Along  the  Line  of 
Contact  (Arbitrary  Units) 
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contrast,  the  boron  fibers  do  not  powder,  and  the  urethane-coated  boron 
composites  fail  at  a  weak  point  in  the  structure  or  at  a  point  where 
the  matrix  resin  is  crushed  by  the  repeated  droplet  blows. 

Under  the  nickel  coatings,  the  composites  of  glass,  graphite  and 
boron  exhibit  no  powdering  or  substantial  substrate  crushing  in  keeping 
with  the  low  pressure  pulse  transmitted  to  the  substrate.  A  failure  in 
this  case  occurs  at  a  void  location  in  the  composite  or  at  a  spot  of 
adhesion  loss  of  the  plating  to  the  composite.  This  then  results  in  a 
"boring- in"  at  that  point  with  a  deep  hole  rather  than  a  widening  of 
the  hole  or  further  penetration  locations  through  the  coating. 

Typical  erosion  damage  on  uncoated  and  coated  graphite-  and  boron- 
epoxy  composites  is  shown  in  Figures  9  through  12. 

Effect  of  Coating  Modulus  and  Other  Properties 

Recent  experiments  with  a  split  Hopkinson  pressure  bar  apparatus 
at  strain  rates  of  10^  sec-^-  have  been  conducted  on  elastomeric  and 
rigid  plastic  materials  to  investigate  their  response  to  loading  rates 
comparable  to  those  associated  with  rain  droplet  impact  at  subsonic 
speeds  (Reference  5).  Although  there  is  question  as  to  the  precise 
applicability  of  this  device,  for  simulating  droplet  impacts,  these 
investigations  demonstrate  that  because  typical  coatings  properties 
measurements  (elongation,  tensile  strength,  modulus)  are  made  at 
loading  rates  which  are  orders  of  magnitude  less  than  that  associated 
with  droplet  impact,  little  correlation  is  obtained  between  these 
measurements,  and  rain  erosion  resistance.  This  lack  of  correlation 
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SPECIMEN  1524 
BORON  -  EPOXY 
15  MINUTES 


SPECIMEN  1691 
BORON  -  EPOXY 
2.0  MINUTES 


SPECIMEN  1690 
GRAPHITE  -  EPOXY 
1.0  MINUTE 


SPECIMEN  1723 
GRAPHITE  -  EPOXY 
0.6  MINUTE 


Figure  9.  Uncoated  Composite  Erosion,  500  MPH, 
1  Inch/Hour  Rainfall 
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SPECIMEN  1  525 

0.012"  POLYURETHANE  COAT!, MG 
47.3  MINUTES 


SPECIMEN  1523 

0.012"  POLYURETHANE  C  JATING 
43.8  MINUTES 


SPECIMEN  1530 

0.008"  ELECTROPLATED  NICKEL  COATING 
104.0  MINUTES 


SPECIMEN  1532 

0.008"  ELECTROPLATED  NICKEL  COATING 
110.0  MINUTES 


Figure  10.  Boron-Epoxy  Composite  Erosion,  500  MPH, 
1  Inch/Hour  Rainfall 
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SPECIMEN  1785 

0.012"  POLYURETHANE  COATING 
9.6  MINUTES 
NOTE  POWDERING 
(COATING  HAS  BEEN  CUT  OPEN) 


SPECIMEN  1781 

0.012"  POLYURETHANt  COATING 
7.8  MINUTES 

NOTE  RIDGE  OF  POwDERED  CARBON 
BENEATH  COATING  (AT  LEFT) 


SPECIMEN  1972 

0.012"  POLYURETHANE  COATING 
12.2  MINUTES 

NOTE  ADHESION  LOSS  AND  TEARING  OF  COATING 
AFTER  SUBSTRATE  POWDERING 


Figure  11.  Graphite -Epoxy  Composite  Erosion,  500  MPH, 
1  Inch/Hour  Rainfall 
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SPECIMEN  1925 

0.009"  ELECTROPLATED  NICKEL  (BONDED) 
180  MINUTES 
NOTE  SMALL  HOLE 


0. 


SPECIMEN  1811 

006"  ELECTROFORMED  NICKEL  (HARD) 
(ADHESIVELY  BONDED) 

60  MINUTES 


SPEC  I  .  £  *  1314 

0.006"  ELECTROPLATE  NICKEL  (HARD' 
(DIRECTLY  DEPOSITED' 

120  MINUTES 


SPECIMEN  1881 

0.006"  ELECTROPLATED  NICKEL 
196.1  MINUTES 


Figure  12.  Graphite -Epoxy  Composite  Erosion,  500  MPH, 
1  Inch/Hour  Rainfall 
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has  been  demonstrated  even  in  the  development  of  polyurethane  coatings 
which  are  the  most  erosion  resistant  elastomeric  coatings  currently 
available  (Reference  6) . 

Previous  advancements  in  materials  for  erosion  resistance  have  been 
possible  because  use  of  the  rotating  arm  which  directly  simulates  the 
rain  droplet  impingement  at  velocity  in  a  multiple  particle  environment, 
has  enabled  a  realistic  and  meaningful  evaluation  of  their  erosion 
behavior  under  appropriate  dynamic  conditions. 

Several  generalizations  are  possible  concerning  the  requisite 
physical  properties  of  a  rain  erosion  resistant  coating.  The  modulus  of 
the  coating  should  be  low;  that  is,  approximately  200  -  400  psi  at  100% 
elongation.  These  properties  have  been  exhibited  by  both  polyurethanes 
and  neoprenes  (See  Table  II).  The  superiority  of  these  coatings  for 
erosion  protection  is  also  due  to  their  high  elongation  (700%  or  greater) 
which  imparts  resiliency  and  ability  to  recover  from  the  impact.  It  is 
this  combination  of  conventionally  measured  properties  which  is  required 
in  a  polymeric-based  erosion  protective  coating. 

Other  properties  such  as  shear  strength,  abrasion  resistance,  and 
tear  resistance  have  little  relation  to  the  response  of  polymeric 
coatings  in  a  rain  droplet  environment  (Reference  6) . 

Comparison  of  the  times  to  failure  in  the  erosion  environment  and 
the  physical  properties  of  selected  polymeric  coatings  are  shown  in 
Table  II. 
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Effect  of  Coating  Hardness 

A  brief  investigation  was  conducted  of  the  effect  of  coating  hardness 
in  elastomeric  coatings.  This  is  not  an  isolated  property  since  changing 
hardness  in  an  elastomer  also  changes  modulus,  elongation  and  tensile 
strength.  Three  polyether-based,  clear  polyurethanes  were  examined  and 
their  physical  properties  and  erosion  performance  are  summarized  in 
Table  III.  As  may  be  seen  no  clear-cut  correlation  exists  between  the 
hardness  of  an  elastomeric  coating  and  its  subsonic  rain  erosion  resis¬ 
tance.  The  time-to-failure  for  the  Shore  A-90-  and  D-58-hardness 
polyurethanes  are  comparable  and  quite  low.  Although  the  time  to  failure 
for  the  D-70  hardness  polyurethane  is  considerably  higher,  the  blister¬ 
ing  and  cracking  mode 'of  failure  for  this  material  indicates  that  its 
hardness  is  high  enough  to  induce  some  brittleness  relative  to  the 
water  droplet  impact. 

Despite  the  high  values  for  tensile  strength,  elongation  and 
modulus  for  these  polyurethanes,  their  performance  in  the  rain  environ¬ 
ment  does  not  compare  with  the  polyether-base,  moisture-set,  low 
modulus  polyurethanes  of  the  type  which  has  shown  outstanding  erosion 
performance.  (See  Table  III). 
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SECTION  IV 

POLYMERIC  COMPOSITES  EROSION  BEHAVIOR 


The  erosion  of  glass  fiber-reinforced  composites  in  the  rotating 
arm  rain  environment  is  usually  uniform  and  consistent.  Typically  a 
number  of  layers  of  cloth  would  be  removed  along  with  the  impregnating 
resin.  Representative  damage  is  shown  in  Figure  13  for  uncoated 
composites . 

Effects  of  Reinforcement  vs  Homogeneity 

The  influence  of  reinforcement  was  investigated  in  two  types  of 
resins.  The  low  void  glass-polyimide  laminates  had  exhibited  relatively 
good  resistance  compared  to  other  resin  laminates  and  so  it  was  also 
decided  to  run  cast  (unreinforced)  polyimide  resins.  Polyimide  resins 
are  brittle  by  nature  and  fracture  of  these  materials  by  the  droplet 
impact  was  expected.  This  was  borne  out  in  rotating  arm  tests  where  an 
unreinforced  polyimide  airfoil  0.125  in.  thick  was  completely  eroded 
through  its  entire  thickness  in  lb  minutes  at  500  mph,  1  inch/hour  rain, 
while  a  glass  reinforced  version  was  only  penetrated  to  a  depth  of 
0.040  in.  in  the  same  exposure. 

In  a  brittle  material,  the  beneficial  effect  of  strengthening  by 
reinforcement  results  in  improved  subsonic  erosion  resistance,  because 
the  presence  of  the  fibers  reduces  chunking  out  and  breakage  into 
small  pieces  by  providing  a  discontinuous  path  for  shock  transmission 
through  the  material.  This  behavior  is  observed  for  any  thermosetting- 
resin,  homogeneous-versus-composite  material. 
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Figure  13.  Uncoated  Composites,  500  MPH. 
1  Inch/Hour  Rainfall 


AFML-TR-71-197 


However,  the  addition  of  reinforcement  to  a  thermoplastic  material 
which  is  inherently  erosion  resistant  such  as  cast  polyphenylene  oxide 
(PPO)  or  nylon  resins  results  in  increased  erosion  upon  exposure.  Bulk 
polyethylene  or  nylon  exhibit  a  sufficiently  plastic  response  to  the 
impinging  droplet  loads  to  deform  on  the  surface  with  little  weight 
loss  during  the  subsonic  exposure  times  on  these  tests.  However,  if 
reinforcement  is  added,  the  radially  flowing,  compressed  portion  of  the 
impinging  drop  interacts  with  the  fiber  reinforcement  and  breaks  out 
pieces  of  fiber  and  matrix.  This  data  is  tabulated  in  Appendix  I  and 
plots  of  weight  loss  versus  exposure  time  are  shown  in  Figures  16  through 
25. 


The  following  observations  were  made: 

a.  At  500  MPH,  the  ranking  of  the  unreinforced  polymers  in  terms 
of  decreasing  rain  erosion  resistance  was  polyethylene,  acetal,  and 
nylon  in  that  order.  The  rankings  did  not  change  at  600  MPH  although 
the  performance  of  the  three  bulk  polymers  was  closer. 

b.  There  was  no  apparent  difference  in  the  bulk  acetal  with  or 
without  U.V.  Stabilizers. 

c.  The  addition  of  chopped  fiber  reinforcement  to  the  polyethylene 
resulted  in  an  order  of  magnitude  increase  in  weight  loss  after  ti>o 
same  exposure. 

d.  The  addition  of  reinforcement  to  the  nylon  did  not  increase  the 
weight  loss  but  appeared  to  reduce  it  slightly.  However,  within  the 
scatter  of  the  data  the  effect  of  reinforcement  with  the  nylon  was 
negligible. 
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From  the  above  experiments,  the  unreinforced  polyethylene  Alathon 
7050,  NC-10  gave  the  best  performance.  The  utility  of  these  materials 
for  protection  of  the  front  end  of  a  radome  such  as  by  molding  a 
protective  cap  appears  limited  because  of  their  thermal  limitations, 
the  detrimental  effect  of  reinforcement  (which  might  be  necessary 
structurally)  and  their  erosion  performance  which  T,as  only  fair-to-good . 

The  morphology  of  the  bulk  resins  appears  to  strongly  influence 
their  erosion  behavior.  Although  not  specifically  investigated  there 
is  some  indication  that  the  degree  of  crystallinity  or  amorphousness 
of  the  bulk  polymer  may  control  its  erosion  resistance.  If  appropriate 
control  over  the  degree  of  crystallinity  can  be  established,  it  may  be 
possible  to  manufacture  plastics  which  are  highly  resistant. 

Effects  of  Matrix  Resin 

In  addition  to  the  influence  of  the  reinforcement,  the  erosion 
behavior  of  a  glass-reinforced  laminate  depends  to  a  large  extent  on  the 
type  of  resin  which  serves  as  the  matrix  for  the  composite.  This  was 
particularly  noted  in  the  poor  performance  of  the  higher  temperature 
organic  resin  laminates  such  as  polybenzimidazole,  polyimide  (high 
voids),  and  silicone  during  supersonic  rocket  sled  investigations  on  the 
Holloman  AFB  track  (Reference  7) .  The  data  and  performance  of  these 
composites  is  discussed  extensively  in  Reference  7  and  the  following 
comments  are  included  for  completeness  of  the  discussion  on  polymeric 
composite  behavior. 

These  resins  provide  a  high  temperature  (up  to  600°F)  capability 
but  result  in  a  composite  with  high  void  content  (15%)  and  low  erosion 
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resistance,  which  is  a  function  of  their  brittle  nature;  this  is  in 
contrast  to  the  erosion  resistance  of  low  void  epoxy,  polyimide,  and 
polyester  resin  composites  which  although  brittle  do  not  fail  as 
catastrophically.  The  resulting  composites  of  high  temperature  organic 
matrix  materials  are  relatively  low  in  modulus  of  elasticity 
(2.7  to  2.88  x  10^  psi)  and  compressive  strength  (6  to  28  x  10"^  psi) 
and  the  lack  of  these  properties  contributes  to  their  severe  erosion 
in  the  subsonic  environment.  By  contrast,  the  epoxy  and  polyphenylene 
oxide  resin-based  plastic  composites  have  moderate-to-high  moduli  and 
compressive  strengths  coupled  with  low  porosity  and  exhibit  better 
performance  in  the  rain  environment.  (See  Table  IV  for  properties). 

The  influence  of  matrix  resin  is  not  as  significant  if  the  void 
content  of  the  composite  is  reduced  to  3%  or  less. 

Effects  of  Void  Content 

The  void  content  of  a  composite  can  significantly  influence  its 
erosion  behavior  because  the  high  void  content  composites  possess 
lower  strength  properties  and  hence  will  not  withstand  the  erosive 
environment  even  when  coated.  This  is  demonstrated  in  the  erosion  of  a 
high  void  polyimide-glass  laminate  versus  a  low  void  polyimide-glass. 

The  high  void  ( 15%)  construction  was  typical  of  polyimide  laminates 
until  improvements  in  processing  or  chemical  modification  of  the  resin 
enabled  attainment  of  low  void  content  (  <  2%)  in  these  laminates. 

The  strong  influence  of  void  content  was  also  demonstrated  in  glass- 
epoxy  substrates  both  unprotected  and  coated  with  neoprene  and  poly¬ 
urethane  coatings.  Even  with  these  coatings  of  demonstrated  erosion 
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resistance,  a  glass-epoxy  composite  substrate  of  10%  void  content 
resulted  in  failures  of  the  coatings  in  1/8  to  1/10  of  the  time  compared 
to  a  low  void  (  <  2%)  glass-epoxy  protected  with  identical  coatings. 
Furthermore,  with  the  polyurethane  coatings,  the  crushing  of  the  high 
void  glass-e^oxy  underneath  was  great  enough  to  cause  cracking  along 
the  surface  of  the  polyurethane.  This  is  not  a  typical  mode  of  erosion 
failure  for  polyurethanes  which  usually  fail  at  an  isolated  point. 

Table  V  shows  the  difference  in  erosion  behavior  between  low  void 
and  high  void  composites  of  E  glass  cloth-polyimide  and  181S  glass-epoxy 
both  uncoated  and  protected  with  elastomeric  and  metallic  coatings. 

Effects  of  Construction 

An  interesting  comparison  of  the  construction  method  of  composites 
and  the  orientation  of  fibrous  reinforcement  was  also  conducted. 
Randomly-oriented,  chopped  glass  fibers  (20%  by  volume)  such  as  are 
used  in  molded  plastic  parts  were  investigated  in  a  polyimide  resin 
matrix.  When  compared  to  conventional  2-D  multi-ply  E  glass  cloth  layup 
(69%  by  volume),  the  erosion  rates  for  this  construction  were  greater 
than  for  the  conventional  laminate.  See  Table  VI  for  this  data.  For  a 
given  glass  fiber  volume  concentration,  the  two-dimensional  laminate 
construction  would  provide  better  reinforcement  than  the  random  chopped 
glass  fibers  because  it  provides  a  more  continuous  network  to  reduce 
the  shock  transmission  (and  hence,  the  breakage)  through  the  composite. 

The  effects  of  random  chopped  fiber  reinforcement  vs.  conventional 
2-D  reinforcement  in  a  thermoplastic  resin  remain  to  be  investigated. 
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The  emphasis  to  date  has  been  on  thermosetting  polymeric  composites 
because  they  are  used  for  aerospace  structures  due  to  their  strength 
properties. 

The  thermoplastic  resins  deform  more  than  the  thermosetting  mate¬ 
rials,  and  the  glass  or  other  reinforcement-resin  matrix  interfacial 
bond  is  not  as  good  with  the  thermoplastic  polymers.  Both  of  these 
factors  will  affect  the  composite  properties  and  influence  its  erosion 
behavior. 

Changing  from  a  low  void  polyimide  composite  with  E  glass  reinforce¬ 
ment  to  one  which  had  quartz  fiber  reinforcement  showed  no  essential 
difference  in  erosion  behavior .  In  general,  a  minor  change  like  that  or 
in  lay-up  technique,  for  example,  0°,  +45°,  or  90°  in  boron-  or 
graphite-epoxy  composites  had  little  effect  on  the  erosion  behavior 
(Reference  8) . 

Another  construction  method  investigated  was  the  orientation  of  all 
glass  fibers  perpendicular  to  the  surface  in  a  close  packed  configuration 
with  a  high  percentage  of  glass  (  >  80%)  compared  to  the  epoxy  matrix 
resin.  The  resulting  modulus  in  the  direction  of  droplet  impact  was 
quite  high  because  the  end-on  fibers  (in  a  percentage)  impart  a  high 
level  of  strength  in  a  direction  perpendicular  to  the  surface  (parallel 
to  fiber  length) .  Severe  breakage  and  edge  effects  were  noted  on  the 
higher  angle  portions  of  the  airfoil  specimens.  This  breakage  was 
associated  with  areas  where  segments  of  perpendicularly-oriented, 
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glass-epoxy  were  fastened  together  to  form  the  specimens.  This  points 
out  the  criticality  of  integration  into  an  actual  shape  of  a  possible 
erosion  resistant  construction  technique. 

When  specimens  were  fabricated  which  overcame  the  segmented  diffi¬ 
culty,  severe  erosion  was  noted  in  low  impact  angle  (  <  20°)  areas 
caused  by  the  radial  flow  of  the  impinging  drop  acting  as  a  bending 
load  on  the  f'ber  ends.  The  leading  edges  were  relatively  undamaged. 
See  Figures  14  and  15  for  this  latter  damage.  The  utilisation  of  this 
type  of  construction  would  be  most  appropriate  as  the  tip  cap  on  a 
conventional  lay-up  or  filament  wound  radome.  However,  in  all  cases  it 
will  still  likely  require  an  erosion  protective  coating. 
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SECTION  V 
DISCUSSION 


The  requisite  properties  for  a  polymeric  rain  erosion  resistant 
coating  have  been  mentioned  previously.  It  must  be  elastomeric  in 
nature  with  low  modulus  and  high  elongation  required.  The  properties  of 
these  coatings  at  high  loading  rates  such  as  are  experienced  in  droplet 
impacts  during  actual  flight  encounter  or  rotating  arm  experiments 
govern  the  response  of  these  coatings  and  their  erosion  resistance.  The 
resiliency  and  ability  to  recover  or  reduce  the  stress  pulse  to  the 
substrate  are  the  keys  to  elastomeric  coatings  protective  ability. 

A  reinforced  jolymeric  composite  must:  be  protected  from  the  rain 
environment  by  a  protective  coating  for  prolonged  subsonic  erosion 
protection.  However,  the  erosion  resistance  of  the  overall  coated 
composite  can  be  enhanced  if  the  following  design  rules  are  considered 
in  the  substrate. 

a.  The  composite  should  include  reinforcement  if  the  resin  is 
thermosetting. 

b.  Thermoplastic  resins  should  incorporate  as  little  reinforcement 
as  is  consistent  with  strength  levels  obtainable  for  structural  con¬ 
siderations  . 

c.  The  void  content  of  the  composite  must  be  minimized. 

d.  Glass  cloth  or  fiber  reinforcement  produces  more  erosion  resis¬ 
tant  composites  than  do  boron  or  graphite  fibers. 
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e.  The  use  of  fibers  oriented  perpendicularly  to  the  surface  being 
impacted  by  droplets  provides  a  substrate  with  more  inherent  resistance 
than  conventional  lay-ups. 

In  any  erosion  design  or  materials  development,  the  overall  system 
(i.  e.  coating  and  substrate)  must  be  considered  throughout.  The  initial 
designs  for  radomes  or  other  exterior  structural  applications  must 
incorporate  an  erosion  protective  coating.  The  development  of  protective 
materials  must  likewise  utilize  a  substrate  of  the  appropriate  con¬ 
struction  for  materials  screening  and  final  verification  testing.  Only 
in  this  way  can  confidence  in  the  erosion  resistance  of  a  material  or 
subsystem  be  generated. 
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SECTION  VI 
CONCLUSIONS 


1.  Elastomeric  coatings  provide  greater  subsonic  rain  erosion  protection 
than  other  brittle  polymeric  coatings  because  their  stress-strain 
characteristics  and  Hugoniot  response  to  the  loading  associated  with 
droplet  impact  weaken  the  stress  pulse  and  protect  the  substrate. 

2.  Metallic  or  hard  ceramic  coatings  provide  protection  because  their 
high  modulus  transmits  only  a  very  low  stress  pulse  to  the  substrate. 

3.  All  reinforced  plastic  materials  require  rain  erosion  protection 
even  at  subsonic  velocities. 

4.  The  addition  of  reinforcement  whether  conventional  glass  cloth 
lay-up  or  chopped  fibers  to  a  thermoplastic  resin  reduces  its  erosion 
resistance . 

5.  The  fracture  and  brittle  chunking  behavior  of  a  thermosetting 
polymer  in  the  rain  environment  are  considerably  improved  by  the 
addition  of  reinforcement. 

6.  The  void  content  and  reinforcement  type  and  orientation  of  organic 
matrix  composites  significantly  influence  their  subsonic  rain  erosion 
behavior  whether  the  composites  are  uncoated  or  coated  for  erosion 
protection. 
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SECTION  VII 
FUTURE  WORK 


1.  The  rotating  arm  apparatus  will  continue  to  be  used  for  assessment 
of  the  erosion  resistance  of  candidate  coatings,  bulk  plastics  and 
substrate  constructions. 

2.  The  detailed  mechanisms  of  erosion  behavior  of  ductile 
(1100  Aluminum),  brittle  (polymethylmethacrylate),  and  composite 
(glass-epoxy  laminate)  materials  will  be  investigated  at  velocities  up 
through  Mach  1.2. 

3.  Effects  of  droplet  size  on  the  erosion  behavior  of  bulk  and  com¬ 
posite  materials  and  coatings  will  be  examined. 

4.  The  effect  of  polymer  morphology  will  be  investigated  to  determine 
the  desirable  degree  of  crystallinity  or  amorphousness  to  render  a 
plastic  more  resistant  to  rain  erosion. 
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APPENDIX  I 

WEIGHT  LOSS  DATA  FOR  BULK  POLYMERS 
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Figure  16.  Reinforced  vs.  Unreinforced  Thermoset  Polyimide 
Weight  Loss  Data  (500  MPH)  1  Inch/Rour  Rainfall 


Figure  18.  Reinforced  vs.  Unreinforced  Thermoplastic  Nylon 
Weight  Loss  Data  (500  MPH)  1  Inch/Hour  Rainfall 
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Figure  19.  Reinforced  vs.  Unreinforced  Thermoplastic  Nylon 
Weight  Loss  Data  (600  MPH)  1  Inch/Hour  Rainfall 


Figure  20.  Unreinforced  Polyethylene  VIeight  Loss  Data 
(500  MPH)  1  Inch/Hour  Rainfall 
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re  21.  Unreinforced  Polyethylene  Weight  Loss  Data 
(600  MPH)  1  Inch/Hour  Rainfall 
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Figure  22.  Reinforced  Polyethylene  Weight  Loss  Data 
(500  &  600  MPH)  1  Inch/Hour  Rainfall 


AFML-TR-71-197 


Figure  23.  Unreinforced  Acetal  Weight  Loss  Data 
(500  MPH)  1  Inch/Hour  Rainfall 


3243 

3244 


Unreinforced  Acetal  (U.V.  Stabilized)  Weight 
Loss  Data  (500  MPH)  1  Inch/Hour  Rainfall 
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Figure  25.  Unreinforced  Acetal  Weight  Loss  Data 
(600  MPH)  1  Inch/Hour  Rainfall 
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Polysulfone  3M  Polymer  360  20  Glass-epoxy  17.0  Erosiomfailure 

Polyphenylene  oxide  G*  E.  531-801  20  Glass-epoxy  29.  1  Erosion  failure 
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